Background: Endothelial activation caused by HIV-1 infection leads to release of von Willebrand factor (VWF), which enters the circulation or attaches to vessel walls and self-assembles into strings and fibers, enabling platelet adhesion; this adhesive activity is regulated by the VWF-cleaving protease ADAMTS13. Our objective was to assess VWF adhesive activity and ADAMTS13 protease activity in HIV-1 infection. Methods: We measured levels of VWF antigen, VWF activation factor (a measure of adhesive activity), ADAMTS13 antigen, ADAMTS13 activity, and apolipoprotein A1 (which interferes with VWF self-association) in serum samples from HIV-1-infected men whose infections were acute (n=10), chronic untreated (n=10), or chronic treated (n=10), compared to uninfected controls (n=10). Means across groups were compared using analysis of variance with contrasts, and Pearson correlations were calculated. Results: Plasma viral load was positively correlated with VWF adhesive activity, which was elevated in acute relative to chronic treated HIV-1 infection. ADAMTS13 antigen and activity were both positively correlated with plasma viral load, and ADAMTS13 activity was significantly higher in men with acute HIV infection than in uninfected controls, and in both acute and chronic untreated HIV infection relative to chronic treated infection. Conclusion: These findings suggest that even in the setting of increased ADAMTS13 protease activity, VWF in HIV-1 infection is hyperadhesive, which may favor development of microvascular and arterial thromboses and thereby contribute to increased cardiovascular risk in HIV-1-infected individuals.
Introduction
HIV-1 infection is associated with inflammation and activation of the coagulation system and the vascular endothelium, and these phenomena persist during antiretroviral therapy (ART), despite modest improvements [1] [2] [3] [4] . These processes are known to play mechanistic roles in microangiopathy [5] , especially in the context of infection [6, 7] . Activation of endothelial cells is accompanied by the release and persistent attachment to the vessel wall of von Willebrand factor (VWF), a multimeric adhesive protein that mediates the first step of platelet adhesion [8] . Over time, VWF persistence on the intact endothelium and attendant platelet adhesion can promote atherosclerosis [9] , possibly contributing to increased cardiovascular risk in HIV-1-infected persons.
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Several investigators have reported elevated levels of circulating VWF in untreated HIV-1-infected individuals [10, 11] . VWF antigen levels are negatively correlated with CD4 count and positively correlated with plasma viral load [12] [13] [14] , and higher VWF antigen levels are associated with increased all-cause mortality [15] . Of note, VWF antigen levels decrease after effective ART [14, 16] , as do levels of other endothelial activation biomarkers [2] . Studies are lacking, however, of VWF adhesive activity and of circulating levels and activity of one of the primary regulators of VWF activity, the VWF-cleaving protease ADAMTS13 (a disintegrin and metalloproteinase with a thrombospondin type 1 motif, member 13). Such studies could provide a better understanding of the connection between HIV-1 infection, accelerated atherosclerosis [17] , and mortality from cardiovascular disease [18, 19] .
Our objective was to assess VWF activation factor (a measure of adhesive activity) and ADAMTS13 activity in stored samples from men with acute, chronic untreated, and chronic treated HIV-1 infection, compared to uninfected controls, and to evaluate associations between these parameters and HIV-1 disease biomarkers. We also analyzed associations of HIV-1 biomarkers, VWF adhesive activity, and ADAMTS13 protease activity with levels of apolipoprotein A1 (ApoA1), which has been shown to interfere with VWF self-association [20] , potentially decreasing platelet and monocyte recruitment to atherosclerosis-prone regions of the vasculature.
Materials and Methods

Study populations
Randomly selected, stored serum samples were requested from three sources affiliated with the University of Washington (UW) Clinical data associated with the stored specimens were obtained from the primary investigative teams, including participant age, race/ethnicity, CD4 count and plasma viral load (if HIV-1-infected), and platelet count, if available. CD4 count, plasma viral load, and platelet testing was performed according to the methods in use at each clinical site laboratory at the time of sample collection. When laboratory results were not available on the same date as the stored specimen, the closest value within 6 months was used; these measures were not repeated for the purpose of this study. For participants with acute HIV-1 infection, date of infection was estimated; for treated participants, treatment regimen data were obtained. Participants were all outpatients at the time of sample collection; men with a diagnosis of cancer were excluded.
Laboratory testing
VWF antigen was measured by enzyme-linked immunosorbent assay (ELISA) using a polyclonal VWF antibody as the capture antibody, and the bound VWF was detected by a horseradish peroxidase (HRP)-conjugated polyclonal VWF antibody (DAKO North America, Inc., Carpinteria, CA, USA). VWF activation factor was determined by ELISA using the llama nanobody AU/VWFa-11 (which detects a gain-of-function conformation of the VWF A1 domain) as the capture antibody, as previously described [21] . Total active VWF (TA-VWF), a measure of total VWF reactivity, was calculated by multiplying VWF antigen by VWF activation factor, as described by Chen et al [22] . ADAMTS13 antigen was measured using an ELISA (American Diagnostica, Stamford, CT, USA) per the manufacturer's instructions. ADAMTS13 proteolytic activity was measured using an HRP-conjugated peptide substrate, as previously described [23] . The ApoA1 antigen concentration was measured by ELISA using a monoclonal ApoA1 antibody as the capture antibody and an HRP-conjugated polyclonal ApoA1 antibody as the detection antibody (LS-C11247 and LS-C11248 respectively, LifeSpan Biosciences, Inc., Seattle, WA, USA). All parameters were assigned values for participant serum relative to normal values generated from healthy volunteer samples (i.e., fold-normal values). All sample testing was carried out blinded to participant characteristics. Of note, all biomarkers tested are stable in cold storage and resistant to degradation during four freeze-thaw cycles (Dominic Chung, unpublished data).
Statistical analysis
Descriptive statistics were used for biomarker distributions, and scatter plots were used to present biomarker data by participant group. The Shapiro-Wilk test was used to test whether measured biomarkers were distributed normally. VWF antigen and VWF activation factor were not normally distributed, and were therefore log 2 -transformed for statistical testing, so that each unit increase represents a doubling in biomarker level. Plasma viral load was log 10 -transformed, consistent with the usual practice for this biomarker. Analysis of variance (ANOVA) with contrasts was used to compare mean values across the four patient populations. Pairwise Pearson coefficients were calculated to assess correlation between biomarkers, along with p values for significance. P values <0.05 were considered significant, with no adjustment for multiple comparisons. Stata version 14.2 was used for analysis.
Post-hoc power
With 10 uninfected controls and 30 HIV-1-infected cases, the minimal detectable difference between HIV-1-infected and uninfected participants at 80% power and α=0.05 was 0.906 for ln2-transformed VWF activation factor (standard deviation in controls = 0.863) and 0.160 for ADAMTS13 activity (standard deviation in controls = 0.152).
Ethics statement
All study participants had provided written, informed consent including permission to store and test samples for factors associated with HIV-1 disease progression and adverse outcomes. SEA-PIP and the CFAR HIV specimen repository were approved by the University of Washington Human Subjects Division. The Bloodworks Northwest Research Institute Normal Control Registry and Repository was approved by the Western Institutional Review Board. Table 1 presents characteristics of the 40 participants, along with descriptive statistics for the parameters measured in their serum samples. As expected, plasma viral load differed across the HIV-1-infected groups, being very high in acutely infected men, somewhat lower in men with chronic untreated infection, and below the level of detection in all treated men. CD4 counts were similar in all groups of HIV-1-infected men, with means ranging from 515 cells/μL in the chronic untreated group to 591 cells/μL in the men with acute infection. Mean platelet counts ranged from 207.0 x 10 9 /L in the chronic untreated group to 238.1 x 10 9 /L in the treated group. * All treated men had plasma viral load <40 copies/mL. † Parameters were assigned values for participant serum relative to normal serum values (i.e., fold-normal values). Total active VWF is VWF antigen multiplied by the VWF activation factor. ADAMTS13 specific activity is the ratio of ADAMTS13 activity to ADAMTS13 antigen. Abbreviations used: ADAMTS13 = a disintegrin and metalloproteinase with a thrombospondin type 1 motif member 13, ApoA1 = apolipoprotein A1, ART = antiretroviral therapy, HIV = human immunodeficiency virus, INSTI = integrase strand transfer inhibitor, NA = not applicable, NNRTI = non-nucleoside reverse transcriptase inhibitor, PI = protease inhibitor, SD = standard deviation, TA-VWF = total active von Willebrand factor, VWF = von Willebrand factor.
Results
Participant characteristics
VWF antigen
VWF antigen was elevated in the 30 HIV-1-infected men relative to the 10 uninfected controls (mean, 0.72 vs -0.08 log 2 fold-normal, p=0.001). VWF antigen levels were elevated at all stages of infection ( Figure 1A) , with significant differences compared to the uninfected controls in both chronic infection groups (ANOVA p=0.06 for acute infection, p=0.0002 for chronic untreated infection, and p=0.006 for treated infection). Among the 30 HIV-1-infected men, VWF antigen levels did not correlate with CD4 count (r = -0.179, p=0.34) or plasma viral load (r = 0.016, p=0.93). Among the 20 men with untreated HIV infection, there was a borderline negative correlation between VWF antigen levels and CD4 count (r = -0.423, p=0.06), but no correlation with plasma viral load (r = -0.024, p=0.92).
VWF activation factor
VWF activation factor levels were not greater in the 30 HIV-1-infected men relative to the 10 uninfected controls (mean, -0.362 vs -0.642 log 2 fold-normal, p=0.43). There were no differences in VWF activation factor levels relative to the uninfected controls (ANOVA p=0.42 in acute infection, p=0.26 in chronic untreated infection, p=0.09 in treated infection). However, VWF activation levels were significantly higher in acute compared to chronic treated HIV infection (p=0.015, Figure 1B) . Among the 30 HIV-1-infected men, there was a positive correlation between VWF activation factor levels and plasma viral load (r = 0.479, p=0.007, Figure 2A ) but no correlation between VWF activation factor levels and CD4 count (r = 0.227, p=0.23). Among the 20 men with untreated HIV infection, VWF activation factor was also positively correlated with plasma viral load (r = 0.595, p=0.006), but had no correlation with CD4 count (r = -0.072, p=0.76). Total active VWF, the product of VWF antigen level and activation factor, had a borderline positive correlation with plasma viral load (r = 0.358, p = 0.052, Figure 2B ), but was not correlated with CD4 count (r = 0.082, p = 0.67). Among the 20 men with untreated HIV infection, the correlation between total active VWF and plasma viral load remained of borderline significance (r = 0.415, p=0.07), and there was again no correlation with CD4 count (r = -0.281, p=0.23). 
ADAMTS13 antigen
ADAMTS13 antigen levels were no different in the 30 HIV-1-infected men relative to the 10 uninfected controls (mean, 1.12 vs 1.18 fold-normal, p=0.53). ADAMTS13 antigen levels did not differ across the four groups (ANOVA p=0.92 for acute infection, p=0.75 for chronic untreated infection, and p=0.20 for treated infection, Figure 1C ). Among the 30 HIV-1-infected men, ADAMTS13 antigen levels did not correlate with CD4 count (r = 0.135, p=0.48); however, there was a positive correlation between ADAMTS13 antigen levels and plasma viral load (r = 0.382, p=0.04, Figure 2C) . Similarly, among the 20 men with untreated HIV infection, there was a positive correlation between ADAMTS13 antigen levels and plasma viral load (r = 0.451, p=0.046), but not CD4 count (r = -0.077, p=0.75). Overall in the 30 HIV-1-infected men, ADAMTS13 antigen had a positive correlation with VWF antigen (r=0.383, p=0.04, Figure 2D ) and with VWF activation factor (r=0.549, p=0.002, not shown).
ADAMTS13 activity
ADAMTS13 activity was not greater in the 30 HIV-1-infected men relative to the 10 uninfected controls (mean, 1.22 vs 1.13 fold-normal, p=0.39). However, ADAMTS13 activity was higher among men with acute infection relative to the uninfected men (ANOVA p=0.013 in acute infection, p=0.36 in chronic untreated infection, p=0.29 in treated infection). In addition, ADAMTS13 activity was significantly higher in acute compared to chronic treated HIV infection (p=0.0007) and was borderline higher in chronic untreated compared to chronic treated HIV infection (p=0.05, Figure 1D ). Among the 30 HIV-1-infected men, ADAMTS13 activity correlated positively with plasma viral load (r = 0.500, p=0.005, Figure 2E ) but not with CD4 count (r = 0.295, p=0.11). Among the 20 men with untreated infection, ADAMTS13 activity was not significantly correlated with either viral load or CD4 count (data not shown). ADAMTS13 activity had a positive correlation with VWF activation factor (r = 0.389, p=0.03, Figure 2F ).
ApoA1 levels
ApoA1 levels were not associated with HIV infection overall, nor with CD4 count or plasma viral load in the 30 HIV-1-infected men. Similarly, there were no associations between ApoA1 levels and CD4 count or plasma viral load among the 20 men with untreated infection. There were no correlations between ApoA1 levels and VWF antigen, VWF activation factor, ADAMTS13 antigen, or ADAMTS13 protease activity.
Discussion
Platelet adhesion to the vessel wall is involved in the initiation of cardiovascular disease (atherosclerosis) and in arterial thrombosis, the most common disease-defining cardiovascular event [24] . This process is influenced by a number of physiological factors, including the plasma concentration and adhesive activity of the primary molecule mediating platelet adhesion, VWF. VWF's adhesive activity is enhanced by self-association of the molecule into larger molecular structures with a high density of platelet binding sites. Self-association, in turn, is attenuated by proteolysis (ADAMTS13) and by high-density lipoproteins (HDL) and increases as VWF concentration increases. In this study comparing three groups of American men at various stages of HIV-1 infection to uninfected controls, we confirmed that VWF antigen levels were elevated in HIV infection, including during suppressive ART. VWF activation factor, a measure of VWF adhesive activity, was positively correlated with plasma viral load, and was elevated in acute infection relative to chronic treated infection. ADAMTS13 antigen and activity were both positively correlated with plasma viral load, and ADAMTS13 activity was significantly higher in men with acute HIV infection than in uninfected controls, and in both acute and chronic untreated HIV infection relative to chronic treated infection. ApoA1 levels were not different in HIV-1-infected men than in controls and not correlated with any other biomarker studied.
In a recent systematic review of the clinical utility of biomarkers of endothelial activation and coagulation [25] , we identified six studies that investigated associations between VWF antigen and clinical outcomes or vascular dysfunction in HIV infection [14, 15, [26] [27] [28] [29] . In one study, higher VWF antigen levels were associated with increased all-cause mortality in HIV-1-infected patients [15] . In addition, two studies suggested an indirect association between VWF antigen and clinical outcomes. In the first, a marked rise in VWF levels was associated with HIV disease progression, with a positive correlation between VWF levels and plasma viral load [14] . In the second study, VWF levels decreased while carotid intima media thickness increased and arterial stiffness decreased during ART [26] . A study published more recently reported an association between VWF antigen levels and both first and recurrent venous thromboembolic events in HIV-1-infected patients [30] . These studies suggest that the known elevation of VWF antigen levels in HIV infection may adversely affect clinical outcomes.
To our knowledge, this is the first study of VWF adhesive activity in HIV infection. Because VWF adhesive activity has been shown to be an independent risk factor for a first ST-elevation myocardial infarction [31] , further research on the utility of VWF antigen and VWF adhesive activity as biomarkers of cardiovascular risk in HIV-1-infected patients appears warranted. In this relatively small study, we found that VWF adhesive activity was positively correlated with plasma viral load, with the highest activation factor level noted in acute infection, when viral load is highest. VWF adhesive activity was significantly lower among men with chronic treated HIV relative to those with acute infection, suggesting that successful virologic suppression with ART may lower VWF adhesive activity. Further study and validation of these findings and their implications for HIV-related cardiovascular disease are needed.
It has long been recognized that HIV infection can lead to thrombotic thrombocytopenic purpura (TTP) [32, 33] . HIV-associated TTP occurs in the setting of profound CD4 deficiency and altered ADAMTS13 protease activity [34, 35] , and can be complicated by myocardial infarction and stroke [36, 37] . Little research has been conducted on ADAMTS levels and activity in HIV-1-infected persons without frank TTP. In a small study of HIV-1-infected stroke patients, higher VWF antigen levels and lower ADAMTS13 antigen levels were present in the stroke patients than in HIV-1-infected, non-stroke controls, but both groups had lower ADAMTS13 antigen levels than uninfected controls [38] . While this finding suggests that lower ADAMTS13 antigen levels increase cardiovascular disease risk, the blood samples in that study were collected after the stroke event, and therefore may have been impacted by the event itself. It remains unclear whether ADAMTS13 antigen levels or activity could be a useful biomarker for the prediction of HIV-related cardiovascular disease.
In our study, we found that both ADAMTS13 antigen and activity correlated positively with plasma viral load. Men with acute HIV had higher ADAMTS13 activity than did uninfected controls. In addition, men with acute infection and those with chronic untreated infection had significantly higher ADAMTS13 activity than did treated men. Both ADAMTS13 antigen and activity correlated positively with VWF activation factor in our study, which is unexpected. This relationship is usually inversely correlated, given that ADAMTS13 proteolysis regulates VWF adhesive activity. However, the regulation of ADAMTS13 antigen and activity and its relationship with VWF adhesive activity appears not to be straight-forward. In sickle cell disease, for example, we have found many cases in which ADAMTS13 activity is elevated when measured with a small peptide substrate (as is standard in clinical laboratories), but severely defective in its ability to cleave multimeric plasma VWF [39] . Because of limited sample volume, we were unable to determine if a similar situation exists in HIV infection. However, our study provides circumstantial evidence that the ADAMTS13 response may be impaired in HIV infection; additional investigation of this finding seems warranted.
Although HDL cholesterol levels have been used to identify HIV-1-infected patients at increased risk for cardiovascular disease [40] , ApoA1, the major protein in HDL particles, may be a better predictor of cardiovascular risk [41] . In this small study, we found that ApoA1 levels were not associated with HIV infection or any of the biomarkers studied. Several larger studies have reported lower ApoA1 levels in HIV-1-infected patients than in uninfected controls [42] [43] [44] , but some have not [45, 46] . One study that did not find lower ApoA1 levels in HIV-1-infected patients did report a positive correlation between ApoA1 levels and CD4 count, suggesting that reduced ApoA1 levels were associated with higher degrees of immunosuppression than were found in our study population [45] . Another study reported that ApoA1 levels increase in response to ART [47] . Both of these findings are consistent with the observed reduction and remodeling of HDL in inflammatory states [48, 49] . Because ApoA1 is likely to be protective against cardiovascular risk, its potential use as a biomarker to assist in risk stratification of patients merits further study.
This study had several limitations that should be considered in interpreting our results. First, the sample size was small, with only 10 participants in each group, limiting power to detect small differences and weak correlations. Second, patients in the treated group were not all on the same antiretroviral regimen, which may have increased biomarker variability. Third, we used available HIV biomarker data because our small budget and limited sample availability did not permit for retesting of these measures. Fourth, we did not have detailed data on potential confounders of the relationship between HIV disease stage and the biomarkers studied, and the limited sample size would have precluded robust multivariable analysis had we had this data. Therefore, although many of our findings are consistent with previously published results, this study should be considered exploratory and our results should be confirmed in larger studies. The strength of this work is its novelty in being the first study of VWF adhesive activity and ADAMTS13 activity in HIV-1-infected patients and uninfected controls. Given the expense and complexity of measuring these indices of hemostasis and thrombosis, our results are novel and should be of interest to the scientific community.
Overall, our findings indicate that during HIV infection, VWF antigen quantity and adhesive activity are elevated, in spite of an apparent corresponding increase in the quantity and activity of its regulating protease, ADAMTS13. These elevations are associated with higher plasma viral load, and the net effect is a moderately prothrombotic state. Over time, this prothrombotic state may favor the accelerated development of atherosclerosis, microangiopathy, and arterial thrombosis, elevating cardiovascular risk in HIV-1-infected individuals, including those receiving effective ART. Prior reviews of HIV-1-related cardiovascular disease pathogenesis have focused on the role of traditional cardiovascular risk factors, dyslipidemia, inflammation, and immune activation in the development of atherogenic lesions [50] [51] [52] . Our findings suggest that VWF self-assembly and related platelet adhesion could also play key roles in this process. supported by institutional funds from Bloodworks Northwest.
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